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Centre, Lancaster University, Bailrigg, Lancaster, United KingdomABSTRACT The chemical composition and sulfur (S) speciation of developing chick corneas at embryonic days 12, 14, and 16
were investigated using synchrotron scanning x-ray fluorescence microscopy and x-ray absorption near-edge structure
spectroscopy. The aim was to develop techniques for the analysis of bulk tissue and identify critical physicochemical
variations that correlate with changes in corneal structure-function relationships. Derived data were subjected to principal
component analysis and linear discriminant analysis, which highlighted differences in the elemental and S species composition
at different stages of embryonic growth. Notably, distinct elemental compositions of chlorine, potassium, calcium, phosphorus,
and S altered with development during the transition of the immature opaque cornea to a mature transparent tissue. S structure
spectroscopy revealed developmentally regulated alterations in thiols, organic monosulfides, ester sulfate, and inorganic sulfate
species. The transient molecular structures and compositional changes reported here provide a deeper understanding of the
underlying basis of corneal development during the acquisition of transparency. The experimental and analytical approach is
new, to our knowledge, and has wide potential applicability in the life sciences.INTRODUCTIONDevelopmentally regulated changes in the biochemical
composition of the cornea are believed to underlie the
acquisition of transparency (1,2). Pioneering early studies
characterized tissue morphogenesis and microanatomical
restructuring (3,4), whereas others suggested that pivotal
changes in the chemical and physicochemical signatures,
particularly of sulfated glycosaminoglycans (GAGs), might
underlie the maturation of the corneal extracellular matrix,
the establishment of its architecture, and the onset of trans-
parency (5–7). More contemporary studies have sought to
characterize the transition of the embryonic cornea from
an opaque structure to an optically transparent one using
a variety of biochemical, immunochemical, or spectroscopic
approaches (8–12). In the main, these have been directed at
the sulfation patterns of GAGs in the corneal stroma. Inves-
tigators have long used synchrotron radiation to probe the
ultrastructure of collagen-rich tissues such as cornea,
including that of the developing chick (13,14). Now,
advances in x-ray absorption spectroscopy and fluorescence
microscopy at synchrotron sources provide noninvasive
alternatives to traditional biochemical characterizations of
biological tissues. This offers scope to enhance our under-
standing of molecular changes in intact tissues, and allows
for study of altered physiology or pathology, wound healing
events or age-related changes. Here, we apply these tech-Submitted January 17, 2012, and accepted for publication May 2, 2012.
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0006-3495/12/07/0357/8 $2.00niques to the study of the chick cornea during embryonic
development at day 12 (Fig. 1 A), day 14 (Fig.1 B), and
day 16 (Fig. 1 C).
Synchrotron x-ray microscopy and spectroscopy gen-
erate large, complex data sets containing a high number
of variables; these require powerful computational data
reduction and visualization algorithms to facilitate ex-
ploratory analysis. Principal component analysis (PCA)
followed by linear discriminant analysis (LDA) is a valu-
able approach for the interrogation of such complex data
(15). PCA and LDA techniques are linear transformations,
which transform data to a new coordinate system such
that the new set of variables are linear combinations of
the original variables. For preliminary data reduction and
to further visualize variances of spectra in a select number
of principal components, PCA has had widespread usage
in the exploration of derived data sets following midin-
frared spectroscopy (15–18) and, less commonly, x-ray
absorption near-edge structure (XANES) spectroscopy
(19,20). The PCA-LDA approach for XANES data anal-
ysis is an alternative to standard curve fitting methods,
because it allows one to readily handle a much larger
data set and, therefore, to increase the statistical signifi-
cance of the results; moreover, when applied to x-ray
fluorescence (XRF) data, it allows insights into differential
ionic contents, providing therefore a valuable semiquantita-
tive standard-free alternative to the more commonly em-
ployed standard-based fully quantitative methods, when
relative changes in concentrations are sought. In this study,
we set out to establish XRF and XANES spectroscopy asdoi: 10.1016/j.bpj.2012.05.036
FIGURE 1 Sample preparation for acquisition of XRF and XANES
spectra. (A) Dissected chick cornea at embryonic day 12, (B) day 14,
and (C) day 16. (D) The sample is sandwiched between two sheets of ultra-
lene foil and mounted on the sample holder. The arrow indicates the surface
that will be exposed to the x-ray beam. (E) The Simulatore di Ambiente
Spaziale (SAS) vacuum chamber for sample mounting. Once the sample
is placed inside the SAS is pumped. When high vacuum is reached the
sample can be introduced into the scanning x-ray microscope by means
of a transfer cane. (F) Photograph of the scanning x-ray microscope at
the end station ID 21, ESRF. Scale bar equals to 1 mm. (G) Diagram indi-
cating from where the S speciation XANES point spectra for every devel-
oping chick cornea were obtained. For each sample spot, five XANES
spectra were acquired. Black arrow shows the direction at which ~13 points
were selected to be analyzed.
358 Koudouna et al.technologies to interrogate intact biological tissue, with
subsequent application of PCA-LDA to investigate the
changing chemical environment in corneal development
during embryogenesis.MATERIALS AND METHODS
Sample preparation
Fertilized chicken eggs were obtained from a commercial hatchery (Henry
Stewart & Co., Louth, Lincolnshire, UK) and incubated at 37.5C in
a humidified chamber (Brinsea Products, Sandford, UK). At embryonic
days 12, 14, and 16 of incubation, as validated by Hamilton-Hamburger
staging (21,22), corneas were carefully dissected at their edge using
surgical tools. All animal work was carried out in accordancewith the Asso-
ciation for Research in Vision and Ophthalmology statement for the use of
animals for ophthalmic and vision research and in agreement with local
ethical rules.Biophysical Journal 103(2) 357–364Synchrotron XRF microscopy
For XRF microscopy studies, four corneas per embryonic day were sand-
wiched between parafilm-covered glass slides and allowed to dry overnight
at room temperature. Data were collected at the endstation ID 21 of
the European Synchrotron Radiation Facility (ESRF, Grenoble, France)
using a scanning x-ray microscope working in the energy range
2–9.2 keV and optimized for x-ray microfluorescence and microspectro-
scopy imaging of elemental distributions (23). The samples were held
between Ultralene foil (SPEX-CERTIPREP), mounted in air at room
temperature on the sample holder (Fig.1 D, Fig. 1 E), and then introduced
to the x-ray microscope and measured at high vacuum. Five regions per
cornea per embryonic day were selected from the central region of the
cornea and an XRF spectrum with an integration time of 60 s was acquired
at each location. The incoming photon energy was tuned at 4.1 keV to
excite the core electrons of elements up to Ca, with a flux of 3.6  109
photons/s. A beam size of 100 mm was obtained using a pinhole. The
emitted fluorescence signals were measured with an energy dispersive
silicon drift diode detector (XFlash 5100 from Bruker, Germany). The
elemental composition of the developing corneas was obtained by extract-
ing the XRF spectra using PyMCA software (24). Thanks to the detecting
geometry and operation under vacuum, the background contribution to the
XRF spectra was very low, thus background subtraction was not necessary
before PCA analysis (see Supporting Material Fig. S1). The distance
between the silicon drift diode detector and the sample, and the size of
the beam (and therefore the photon flux at sample) were kept constant
throughout the experiments to assure the comparability of spectra. Data
analysis was restricted to the range 1.0–4.3 keV and was performed
using OPUS 5.5 software (Bruker Optics).Synchrotron x-ray microspectroscopy
S XANES spectroscopy experiments were performed with the scanning
x-ray microscope (Fig.1 F) at beamline ID 21 at the ESRF to interrogate
developmental changes in sulfur speciation. The instrumentation used
was the same as described for XRF. Three corneas at embryonic days 12
and 14, and four at embryonic day 16 were flattened and sandwiched
between ultralene foil-covered glass slides. To minimize degradation, the
corneas were placed onto dry ice and transferred to 80C storage until
the synchrotron x-ray microspectroscopy experiments could be conducted.
Approximately 1 h prior the experiment, slow nitrogen flow was used to
defrost the corneas and avoid oxidation events. The samples were then
mounted in air at room temperature on the sample holder before being
measured at high vacuum. Thirteen locations were interrogated across the
diameter of the cornea (Fig.1 G). The S speciation of the selected areas
was assessed by acquiring five spectra per spot. The x-ray energy was tuned
from 2.46 to 2.53 keV with a flux of 5.4  109 photons/s, a step size of
0.25eV, and an integration time per energy point of 0.1 s. This resulted in
a total integration time of 0.5 s per point over the five spectra. The XANES
spectrum was extracted using PyMCA, and a linear background extrapo-
lated from a linear fit of the pre-edge region was subtracted using OPUS
(Bruker Optics). XANES spectra were normalized by setting the edge
jump to 1 in MATLAB (The MathWorks, Natick, MA).Computational analysis
Multivariate analysis was performed on the XRF and XANES spectra using
MATLAB R2009b software with an in-house graphical user toolkit for
spectroscopy (25). PCA and LDA were applied to the data. PCA was
used for preliminary data reduction and visualization of variance between
each cornea in an unsupervised manner. LDA, a supervised method, was
then applied to allow visualization of the maximum variance between the
different developmental corneas. Scores plots, loadings, and cluster vector
plots were derived to interpret the results of multivariate analysis.
FIGURE 3 Identification of chemical composition alterations of devel-
oping chick corneas using PCA-LDA computation of XRF spectra. (A)
Two-D PCA-LDA scores plot of chick corneas at different developmental
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XRF spectra of the developing chick cornea
Four isolated chick corneas at days 12, 14, and 16 of devel-
opment were analyzed using the scanning x-ray microscope
at the ID 21 beamline of the ESRF. For every corneal
sample, 20 independent spectral acquisitions were obtained,
derived from five randomly selected areas. PyMCA soft-
ware (24) was used to extract all the spectra, and identifica-
tion of the different elements present in the corneal sample
was assessed by comparison with tabulated energy values
for XRF emission lines (Fig. 2 and Table S1).
Observable differences were apparent in the average spec-
tral ranges, 2000–2300 eV and 2620–3311 eV (Fig. S1). To
further extract the major discriminating elemental composi-
tion responsible for between-category variation (corneas
from a particular day formed one category), multivariate
computational analysis with PCA (Fig. S2) followed by
LDA (Fig. 3 A) was employed in the photon energy region
range 1000–4300 eV. In this analysis, chick corneas at
days 12, 14, and 16 were discovered to be segregated along
the 1st linear discriminant (LD1) factor. Corneas at develop-
mental day 16 vs. days 12 and 14 were shown to be distinct,
whereas no clear difference in LD1 was seen between day 12
and day 14. The 2nd linear discriminant (LD2) factor
discriminated day 14 from days 12 and 16. No distinction
in LD2 was found between day 12 and day 16. PCA-LDA
clustering indicated a degree of within-category heteroge-
neity in the corneas at developmental days 12 and 14,
whereas data for the day 16 corneas was more homogeneous.
Exploiting the derived loadings plot (Fig. 3 B), it is possible
to identify the major elemental groupings responsible for
distinguishing the average spectrum of each category (i.e.,
each developmental day) from the average spectra of theFIGURE 2 XRF spectrum fitted with PyMCA. Experimental XRF spec-
trum (dots) acquired on a 100 mm- diameter region of cornea at embryonic
day 14, and its best fitting curve (upper solid line) calculated with PyMCA;
the background is indicated by the lower solid line. The emission energies
relative to the main elemental species encountered in the specimen are
reported on the graph, labeled with the corresponding elemental symbol.
days: day 12 (red squares) vs. day 14 (blue circles) vs. day 16 (green
triangles). (B) PCA-LDA loadings plot of developmental chick corneas at
day 12, day 14, and day 16 with linear discriminant components (LDs) as
follows: LD1 (red) and LD2 (blue). (C) Corresponding PCA-LDA cluster
vectors plot of developmental chick corneas at day 12 vs. day 14 vs. day 16.other categories. Along LD1, the main distinctive elements
responsible for the compositional segregation of chick
corneas at day 16 compared to earlier developmental days,
listed in order of importance, are phosphorus (P; 2012 eV),
sulfur (S; 2306 eV), chlorine (Cl; 2620 eV), and calcium
(Ca; 3688 eV). Along LD2, the major elements responsible
for discrimination of corneas at day 14 compared to days 12
and 16 are Cl, P, potassium (K; 3312 eV), and Ca. The gener-
ation of a cluster vectors plot of the data, which is a linear
combination of the PCA-LDA loadings, was obtained from
the center of the PCA-LDA scores cluster (Fig. 3 C). This
allows us to obtain differences from multiple loadings in
a single plot, rather than along a single axis (e.g., LD1 or
LD2) (15). This analysis indicates that P followed by S
and Cl are the main elements that contribute to theBiophysical Journal 103(2) 357–364
360 Koudouna et al.biochemical diversity between categories as the chick
cornea develops and becomes transparent. K and Ca have
little impact on the XRF microscopy differences between
corneas at distinct developmental stages.FIGURE 4 S speciation alterations in the developing chick cornea.
S K-edge x-ray absorption near-edge spectroscopy means spectra for the
embryonic chick corneas at days 12 (red), 14 (blue), and 16 (green) of
development.X-ray absorption near-edge structure
spectroscopy of the developing chick cornea
Given the presumed importance of the sulfonation status of
corneal GAGs in corneal structural modulation, S K-edge
XANES spectroscopy was performed to assess the role of
this element’s speciation in corneal development. Three
corneal samples per embryonic day 12 and 14 along with
four corneal samples of embryonic day 16 were interrogated
and S XANES point spectra were acquired. The energy
position of the peaks in the near-edge region of the absorp-
tion coefficient of S alters in the range 2469–2483 eV (26).
The assorted S-containing compounds in the corneal
samples were evaluated by comparing the absolute energy
values to the respective energies for standard sulfur
compounds obtained from previous studies as summarized
in Table 1. It should be noted that it is not possible to distin-
guish between inorganic sulfate (SO4
2) and ester sulfate
(R-O-SO3) because their XANES spectra peak energies
are identical (2482.5 5 0.5 eV), as has been reported in
previous studies that investigated the S speciation by
XANES microspectroscopy in humic and fulvic acids
(27), in marine sediments (28), and in soils and soil particles
(26). This is also the case for the differentiation between
thiols (R-SH) and organic monosulfides (R-S-R0) because
the peak energies of these S-containing compounds are
also similar (Table 1) (29). These caveats aside, XANES
data can provide important information about the biomolec-
ular status of S in tissues. Our data clearly disclose changes
in the character of S during corneal morphogenesis with cor-
responding average S XANES spectra (Fig. 4) providing
information on the major S species, thiols, and organic
monosulfides (2.4734 keV), inorganic sulfate, and ester
sulfate (2.4835 keV).
A large number of XANES point spectra were acquired to
achieve study robustness. Otherwise, it is difficult to distin-TABLE 1 Peak energies of the first-order X-ray resonance lines for
S form Example
Elemental S So
Organic polysulfide R-S-S-S-R0
Organic disulfide R-S-S-R0 Cystine
Thiols R-SH Cysteine
Organic monosulfides R-S-R0 Methionin
Sulfoxide R-S¼O Methionine su
Ester sulfate R-O-SO3 Chondroitin s
Inorganic sulfate SO4
2 Sodium sul
Peak energies of the first-order x-ray resonance lines for S-containing compoun
values for distinct sulfur species obtained by other researchers differ slightly fr
Biophysical Journal 103(2) 357–364guish whether similarities or differences in the S species are
within-category or between-category. Thus, multivariate
analysis was applied to the 2.46–2.49 keV spectral region.
PCA was performed to reduce the data and visualize segre-
gation in an unsupervised fashion (Fig. S3), whereas PCA-
LDAwas applied to extract variance in a supervised manner
and highlight between-category differences (Fig. 5 A). The
analysis reveals distinct clustering and between-category
segregation. Specifically, PCA-LDA showed that corneas
at days 14 and 16 of development are more homogeneous
with respect to their content of S species. In contrast, day
12 corneas exhibited more heterogeneity. Noticeably,
some overlap is seen between corneas of developmental
days 12 and 14 suggestive of progressive chemical alter-
ations. PCA-LDA loadings plots (Fig. 5 B) highlighted the
S forms that are responsible for spectral variance and inter-
category discrimination. Certainly, LD1 contributes toward
segregation of developmental corneas at day 16 vs. days 12
and 14 with contributions mainly associated with inorganic
sulfate and ester sulfate (2.483 keV), but also with thiols and
organic monosulfides (2.4736 keV). LD2 contributes to day
12 and day 14 segregation, but its spread mainly reflects an
intracategory variation at day 12. The data indicate that
thiols and organic monosulfides are primary contributorsS species (compilation of literature data)
Peak energies eV (Reference number)
(27) (37) (38)
2472.5 2472.5
2473
2472.8 2473 2472
2473.5 2473.5
e 2473.1 2473.5 2473.5
lfoxide 2476 2476
ulfate 2482.5 2483.5 2482
fate 2482.5 2483.5 2483
ds vary in the range between 2469 and 2483 eV. The absolute peak energy
om one another.
FIGURE 5 Identification of distinct S species alterations in develop-
mental chick corneas using PCA-LDA computation following XANES
spectroscopy. (A) Two-D PCA-LDA scores plot of chick corneas at dif-
ferent developmental days: day 12 (red squares) vs. day 14 (blue circles)
vs. day 16 (green triangles). (B) PCA-LDA loadings plot of developing
corneas at day 12 vs. day 14 vs. day 16 with LD components as follows:
LD1 (red) and LD2 (blue). (C) Corresponding PCA-LDA cluster vectors
plot of developmental chick cornea at day 12 vs. day 14 vs. day 16.
X-Ray Characterization of Chick Cornea 361for separation followed by inorganic sulfate and ester
sulfate. A cluster vectors plot indicated that the influential
discriminating sulfur species are thiols and organicmonosul-
fides, organic disulfides (2.4725 keV), inorganic sulfate, and
ester sulfate, which all showed remarkable differences
among the developmental corneas (Fig. 5 C) at days 12,
14, and 16.Embryonic day 12 vs. embryonic day 14
Further analysis was carried out on chick corneas at embry-
onic day 12 vs. embryonic day 14 to elucidate the differ-
ences and similarities at this developmental period just
before the cornea starts to become transparent. PCA-LDA
scores plots disclosed a marked overlap in the data sets
from day 12 and day 14 corneas (Fig. 6 A). The correspond-ing cluster vectors plot (Fig. 6 B) compares day 12 vs. day
14 spectra on the vector plot and vice versa, indicating
that the distinguishing species are thiols and organic mono-
sulfides, inorganic sulfate, and ester sulfate.Embryonic day 12 vs. embryonic day 16
Unlike the day 12 vs. day 14 comparison, further multivar-
iate analysis of data from chick corneas at embryonic day 12
vs. embryonic day 16 showed clear segregation of the two
categories. The 1-D PCA-LDA scores plot revealed a rela-
tively small overlap between the two categories (Fig. 6 C)
reflecting the variance in the S speciation between the two
embryonic days. The corresponding cluster vectors plot
showed the key distinguishing S species associated with
the segregation of the two categories (Fig. 6 D), and these,
in order of importance are inorganic sulfate and ester
sulfate, thiols, and organic monosulfides.Embryonic day 14 vs. embryonic day 16
Chick corneas at day 14 of development were compared and
contrasted to embryonic day 16 corneas and the correspond-
ing PCA-LDA scores plot indicated a clear overlap between
the two categories (Fig. 6 E). In regard to the cluster vectors
plot (Fig. 6 F), however, there are major differences in the
S speciation between the two developmental time points.
The S species that are responsible for the segregation
between the two categories are primarily inorganic sulfate
and ester sulfate. Minor variance is also observed in the
thiols and organic monosulfides species between the two
developmental stages.DISCUSSION
XRF microscopy and XANES spectroscopy with subse-
quent multivariate analysis (PCA-LDA) were used to
provide new, to our knowledge, insights into the biochem-
ical changes of extracellular matrix molecules during tissue
morphogenesis in the chick cornea. PCA-LDA scores plots
indicated differences between embryonic corneas at days
12, 14, and 16 of development on the basis of the distances
between clusters. Loadings plots and cluster vectors plots
further identified the chemical entities responsible for segre-
gation of the tissue samples.
Importantly, our results revealed changes in the chemical
environment of Cl, K, and Ca elements that contribute to the
segregation of data sets at days 12, 14, and 16 of develop-
ment. These are potentially important ions that will impact
on the fixed negative charge density in the corneal extracel-
lular matrix, which itself, is predominantly generated by
transient mobile ion binding (30). Developmental alter-
ations in the ionic environment of Cl, Kþ, and Ca2þ may
underlie changes in the physicochemical corneal architec-
ture that help make the tissue transparent to light. TheBiophysical Journal 103(2) 357–364
FIGURE 6 PCA-LDA scores and cluster vectors plots of embryonic corneas at days 12, 14, and 16 of development following XANES spectroscopy
analysis. (A) One-D PCA-LDA scores plot of embryonic day 12 vs. embryonic day 14 and (B) the corresponding cluster vectors plot. (C) One-D PCA-LDA
scores plot of embryonic day 12 vs. embryonic day 16, and (D) the corresponding cluster vectors plot. (E) One-D PCA-LDA scores plot of embryonic day 14
vs. embryonic day 16, and (F) the corresponding cluster vectors plot.
362 Koudouna et al.corneal stroma is predominantly composed of collagen
fibrils that are uniform in diameter and regularly spaced.
This tissue-specific arrangement allows light transmission
through the cornea and is based on the interference of light
scattered by individual collagen fibrils (31–33). Ion binding
within the cornea is believed to be crucial in determining the
net surface charge on collagen fibrils, which in turn helps
govern the surface-to surface interactions between fibrils,
and hence their arrangement (30). This concept is supported
by studies of corneas loaded with various concentrations of
chloride in which it was shown that chloride ions regulated
the fixed negative charge of the corneal matrix and led to
a strong dependence on tissue transparency (34). Thus,
changes of the chemical environment of Cl may involve
binding of chloride ions to collagen fibrils in the corneal
stroma, reflecting the changes of the corneal molecular envi-
ronment and fibrillar architecture. This may well be mani-
fest in the transition of the developing chick corneas from
an opaque tissue at days 12 and 14 to a more transparent
one at day 16. We also point out that as the charge must
be balanced regardless of the involved charge carriers, chlo-Biophysical Journal 103(2) 357–364ride ions alone are unlikely to be able to influence the tissue
charge. There might be an increase in basic residues (amino
acids) that lead to an increase in the net positive charge,
which in turn must be balanced by chloride ions as negative
charge carriers. Similarly, the degree of sulfonation of GAG
might affect the concentration of cations such as Kþ or
Ca2þ to balance the negative charge. In this sense, chloride
or potassium only reflect the changes in the molecular envi-
ronment (proteins and glycans) and cannot affect the net
charge independently. Correlating the results of the scores,
loadings and cluster vector plots it was further discovered
that the molecular environment of P changed markedly
over the developmental period between embryonic day 12
and day 16. DNA and RNA exhibit numerous phosphate
groups, thus, changes in the biochemical character of P
are likely related to changes in the presumptive keratocyte
population over time and an altered genetic component
within these cells.
Sulfated proteoglycans are believed to be key drivers of
matrix morphogenesis in developing chick corneas during
the acquisition of transparency (5–12). The current study
X-Ray Characterization of Chick Cornea 363reports clear changes in the molecular signature of S that
occurred between embryonic days 12–16. Subsequent
XANES spectroscopy investigation of alterations in the S
species present in the developing cornea, followed by PCA-
LDA multivariate analysis, highlighted the biochemical
molecules that discriminate embryonic corneas at day 12
vs. day 14 vs. day 16. Thiols, organic monosulfides, ester
sulfate, and inorganic sulfate were the discriminating vari-
ables that underwent a compositional transition during the
development of the chick cornea. Variation in the thiol
species during embryonic development is likely linked to
the N-terminal cysteine consensus sequence region of the
small leucine-rich corneal proteoglycans. Developmental
differences in the organic monosulfide biochemical peak
between days 12–16 are predicted to be associated with
protein synthesis and the S methionine amino acid.
Analysis of the XANES spectra suggest that changes
in the ester sulfate and inorganic sulfate species that arise
during development might be measures of alterations in
the keratan sulfate (KS) and chondroitin sulfate/dermatan
sulfate (CS/DS) molecular populations. This contention is
consistent with studies that report a peak near 2.482 keV,
which is attributed to CS (35,36) and document progressive
changes in the profiles of KS and CS/DS disaccharides
during chick corneal development (9). More specifically,
Zhang et al. reported a significant increase in the concen-
tration of sulfated KS around embryonic day 14, in contrast
to the concentration of CS/DS disaccharides, which was
found to decrease during embryonic development. Mention
should also be made of the phenomenon of both low-
and high-sulfated KS epitopes existing within individual
GAG side chains, and the fact that a differential expression
of lesser and highly sulfated KS was evident at develop-
mental days 12 and 15 in experiments conducted using
sulfation-specific monoclonal antibodies (12). It is there-
fore plausible to propose that the changes in the S specia-
tion observed in this study may reflect changes in the
degree of sulfonation of low- and high-sulfated GAG side
chains. It is instructive to consider the importance of the
sulfation pattern of KS for corneal hydration and transpar-
ency. In the cornea, the core protein region of a proteo-
glycan associates with the collagen fibril, whereas the
GAG chain extends into the extrafibrillar space. The sulfa-
tion status of GAGs is important because it will affect the
negative charge of the chains. This, in turn, determines
the interactions with other GAGs, the hydrophilic character
of the stroma, tissue hydration, and the characteristic
fibrillar architecture of the cornea that is necessary for
corneal transparency. The current data provide noninvasive
evidence, which describe specific changes in the elemental
composition of the connective tissue matrix of the embry-
onic cornea as it develops and becomes transparent, and
report how XRF microscopy and XANES spectroscopy
can be applied to gain biomolecular information of bulk
biological tissue.SUPPORTING MATERIAL
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